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/ŶƚƌŽĚƵĐƚŝŽŶ
How much is too much? Asking this question with respects to photovoltaics would have seemed absurd just 
a few years ago. Yet from Japan [1] to Europe to the Americas, loud voices are claiming that Photovoltaics 
(PV) is reaching excessive levels on the grids or, at least, growing at excessive rates. Economic as well as 
technical issues are put forward.
Indeed, PV power generation has moved in just a decade from a curiosity to a significant part of power 
systems around the world. Global investment in new PV generation capacity was US$ 173.6 billion in 
2013, nearly two thirds of the gross investment in fossil-fuel power generation (US$ 270 billion) [2]. Solar 
PV is estimated to have provided 0.7% of the global electricity demand in 2013 [3]. The central point in 
Levelised Cost of Electricity (LCoE) at the beginning of 2014 was about US$ 150 per MWh; there is now a 
significant overlap between the LCOE ranges of PV electricity and conventional power generation (natural 
gas combined-cycle turbines, coal, nuclear) [2], which means that solar PV can be cost-competitive at the 
point of generation in some regions.
As PV is essentially a distributed energy resource, it clashes with the centralised architecture of existing 
grids. Together with other renewable energy sources, it challenges the business models of incumbents in the 
power sector, be they network operators or power generators. Some of these incumbents may be tempted 
to exaggerate the negative impact of PV, and minimise its benefits. Others have already taken radical steps 
to adapt to this new situation [4]. 
The benefits of PV generation in terms of environmental impact and energy security are well documented [5]. 
This is why the European PV Technology Platform aims at enabling the massive deployment of photovoltaics 
into the power system. It acknowledges the technical challenges that come with it. We believe that these 
challenges are best addressed through rational assessment of the situation and co-operation between the 
power and PV industries.
With this paper we set to clarify the terms of this discussion: how is penetration of PV into power grids 
evaluated? What are the current levels? Which barriers may prevent increasing these levels? Which concepts 
have been put forward to open these barriers? Which benefits can PV systems provide for existing and new 
grids? Immediate recommendations are formulated in this paper; we also expect that further collaboration 
with the power sector will lead to more robust knowledge and to a power system with PV at its heart.
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YƵĂůŝƚĂƚŝǀĞůĞǀĞůƐ
A simplified definition of different PV penetra-
tion levels was established in [6] based on the 
directionality of the net power flows at the point 
of interconnection between Distribution System 
Operator (DSO) and Transmission System Opera-
tor (TSO). The electricity supply system of every 
country that is aiming at increasing its share of PV 
on the total electricity mix will typically face three 
different development stages:
YƵĂŶƚŝĨǇŝŶŐWsƉĞŶĞƚƌĂƚŝŽŶ͗ŵĞƚƌŝĐƐĂŶĚĐƵƌƌĞŶƚůĞǀĞůƐ
&ƌĂĐƚŝŽŶŽĨĞůĞĐƚƌŝĐĞŶĞƌŐǇĚĞŵĂŶĚ
The net fraction of electric energy demand met by PV generation can be defined at any scale, from a single 
building to the entire world. The integration period is generally one year. This metric is widely used in discus-
sions of energy policy, although in that case PV is often combined with other “new” renewables such as wind.
Current values are (net basis, over one year):
  At EU level: about 3% [7]
  At national level: from about 0.5% (The Netherlands) to 7.5% (Italy) [7]
  At single-house level with rooftop PV system: about 100%
Figure 1: Relative contribution of PV to the electricity demand of EU28 countries [7]
Depending on climate, energy mix, or patterns of electricity usage grid-related challenges in achieving similar 
fractions of electricity demand covered by PV may greatly vary.
1. Low/ medium PV penetration in a few distri-
bution grids: local consumption exceeds local 
generation (uni-directional distribution grids)
2. High PV penetration in few distribution grids: 
local generation can exceed local consumption 
(bi-directional distribution grids)
3. High PV penetration in many distribution grids: 
PV is a major electricity source
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&ƌĂĐƚŝŽŶŽĨŐĞŶĞƌĂƚŝŽŶĐĂƉĂĐŝƚǇ
The fraction of generation capacity i.e., ratio between 
nominal PV (AC) power capacity and total installed 
generation capacity, is mostly used in market-related 
studies at national or continental scale. Indeed, it 
is a good indicator of the development of the PV 
market in terms of investments. It also characterises 
the challenges facing balancing authorities e.g., 
to guarantee that flexible capacity is available to 
compensate fluctuations in generation [8].
Levels as of 2013 are shown on Figure 2. In Greece, Italy and Germany the installed PV capacity exceed 
50% of the minimum load between May and September (when PV generation is generally higher). However, 
thanks to the dispersion of PV systems in location and design, different PV systems produce at full capacity 
at different times. The ratio between the actual peak PV production and the load (instantaneous penetration 
level) is therefore lower than the figures shown on Figure 2. Instantaneous penetration levels have reached 
77% and 46% in Germany. Several other countries have recorded maximum instantaneous penetration levels 
between 20% and 25%. 
WĞŶĞƚƌĂƚŝŽŶůĞǀĞůŽĨĚŝƐƚƌŝďƵƚĞĚĞŶĞƌŐǇƌĞƐŽƵƌĐĞƐ
When considering distribution networks, especially at the low-voltage level, a penetration level can be 
defined as the ratio between the total AC peak power of installed PV systems and a reference power value. 
Three different references have been used with success in grid integration studies:
ϭ͘ ZĂƚŝŶŐ;ŝŶŬsͿŽĨ ƚŚĞƚƌĂŶƐĨŽƌŵĞƌ [10]: penetration level defined in this way is attractive in that it 
relates to a physical characteristic of the network which is relevant to grid integration issues of PV. 
Provided distribution networks follow comparable engineering rules (e.g., regarding the types of cables 
to be used), similar figures for such-defined penetration levels should yield similar results in terms of 
integration capability.
Ϯ͘ ZĂƚŝŶŐŽĨƚŚĞƚƌĂŶƐĨŽƌŵĞƌƐĨĞĞĚŝŶŐƚŚĞĂƌĞĂ͕ĂĨƚĞƌĐŽƌƌĞĐƚŝŶŐƚŚĞŝŶƐƚĂůůĞĚWsƉŽǁĞƌǁŝƚŚƚŚĞŶŽŵŝŶĂůůŽĂĚ͗
; this definition is inspired by Italian regulations (TICA) [11].  
These regulations define four categories of areas in medium and low voltage with respect to the integration 
of distributed generation, which are to be regularly reported on maps of the distribution networks:
 a. White:   
 b. Yellow:   
 c. Orange:  
 d. Red:   
Where                             is the minimal power load in the area, measured on a 15-min basis;          is the total nominal 
power of the HV/MV transformers feeding the area, and                        is the total nominal power of requested 
or active distributed generators connected in the area. An area could then be characterised as precarious if 
              and critical if                   . 
ϯ͘ dŽƚĂůĐĂƉĂĐŝƚǇ ;ŽŶĂ ĨĞĞĚĞƌͿ ƚŚĂƚǁŽƵůĚďĞƌĞĂĐŚĞĚ ŝĨĂůů ĐƵƐƚŽŵĞƌƐ ŝŶƐƚĂůůĞĚĂƐǇƐƚĞŵŽĨŽƉƚŝŵĂů
ĞĐŽŶŽŵŝĐƐŝǌĞ ĨƌŽŵƚŚĞŝƌƉŽŝŶƚŽĨǀŝĞǁ [12]: calculating the penetration level with this definition 
requires much work, unless the customer profiles are very homogeneous. Its attraction is in the fact 
that a penetration level of 100% is the likely maximum value for all feeders.
Figure 2: Installed PV capacity as of 2013 in eight European countries as a fraction of minimum and maximum load 
levels (mid-day peak between May and September) adapted from data in [7].
/ŶƐƚĂůůĞĚĐĂƉĂĐŝƚǇĂƐĂĨƌĂĐƚŝŽŶŽĨůŽĂĚ
PV installed capacity (or maximum production) can be expressed as a fraction of minimum or maximum load 
[7]. This fraction can meaningfully be calculated at any level of the electricity network. At low and medium 
voltage levels, it characterises the need for grid reinforcement. At transmission system level, it qualitatively 
characterises the challenges in meeting base load demand while managing variability.
At the end of 2012, values of penetration as fraction 
of generation capacity were:
  At EU level: 7.2% [9]
  At national level: 13.2% (Italy), 18.4% (Germany) 
[9]
However, to better reflect the situation of the power 
system, we would recommend using an availability-
weighted share of generation capacity. 
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,ŽƐƚŝŶŐĐĂƉĂĐŝƚǇ
Hosting capacity characterises an electrical network 
rather than the PV generators installed on it. It is 
an absolute metric, defined as the maximum total 
peak power of PV systems that can be connected to 
the network under consideration while meeting key 
performance indices covering voltage, protection, 
power quality, and component loading [13]. Differ-
ent values may be obtained for different indices, 
and the unqualified hosting capacity should refer 
to the minimum value obtained for all indices. This 
metric, while very important, suffers from several 
practical limitations:
  It is highly dependent on the specifics of the 
network under consideration.
  For a given network, it may vary depending on 
the choice of performance indices. There is no 
standard set of performance indices. Electric 
Power Research Institute (EPRI) for example 
uses 15 indices [14].
  Its accurate estimation is computationally in-
tensive as it requires time series or stochastic 
analyses, the underlying principle being gradu-
ally to increase penetration levels until some 
violation occurs.
When a single figure is mentioned for hosting capac-
ity, it has normally been calculated under worst-case 
assumptions. EPRI, which uses stochastic analysis, 
defines three bands of PV peak power values:
  Between 0 and minimum hosting capacity: no 
observable violations regardless of size and 
location of PV systems.
  Between minimum and maximum hosting ca-
pacity: possible violations depending on size 
or location.
  Above maximum hosting capacity: observable 
violations occur regardless of size and location 
of PV systems.
>ŽĐĂůƚĞĐŚŶŝĐĂůďĂƌƌŝĞƌƐ
Voltage issues
Whereas distribution grids are conventionally designed for decrease in voltage along feeders, injection of 
active power by PV systems can lead to an increase in voltage along feeders. Figure 3 illustrates this shift. 
The quantification depends on the consumption profile in the feeder in particular, time alignment with PV 
power generation. 
ĂƌƌŝĞƌƐƚŽǁŝĚĞƌĚĞƉůŽǇŵĞŶƚŽĨWsŝŶƚŽƉŽǁĞƌŐƌŝĚƐ
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Figure 3: distribution of voltage in a low-voltage feeder before and after installation of PV [15]
Within highly PV penetrated distribution grids the 
installed PV capacity frequently exceeds the local 
peak load, which can lead to significant over-voltage 
and over-loading issues. Physical grid reinforcement 
(installation of additional or larger cables) is gen-
erally necessary to eliminate this effect. However, 
this reinforcement and the increased (reverse) 
power flows change the reactive power behaviour 
of the distribution system. Indeed, reactive power 
consumption by conductors increases both during 
times of high solar irradiation increases, due to 
increased active power flows and at night due to 
augmentation (e.g., additional cables). 
In many grid configurations, overvoltage is the first 
issue to occur. In typical residential underground, 
residential UK feeders, 30% of connected customers 
operating a PV system up to 4 kW are the maximum 
before voltage deviations outside the acceptable range 
(as per EN 50160 standard [16]) start occurring [17].
ZĞĐŽŵŵĞŶĚĂƚŝŽŶƐ
A large number of different metrics is being used to characterise the penetration level of PV generation 
into power systems. While we tried to clarify their definition and scope, we believe that work is needed to 
make quantification more robust and facilitate comparison between studies:
  The quantitative relationship between the different metrics should be investigated.
  A limited set of metrics should be selected as references, for example the fraction of energy demand 
and the hosting capacity.
  A standard set of key performance indicators for the hosting capacity should be determined.
Quantifying PV penetration: metrics and current levels Barriers to wider deployment of PV into power grids
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Harmonics
Harmonics can have detrimental effects such as increased device heating, malfunction of electronic equip-
ment and protection, incorrect readings on meters, or triggering of resonant conditions.
As measurements in Figure 4 show, the probability of higher levels of Total Harmonic Distortion (THD) on 
distribution networks increases with the introduction of PV. Current harmonics are injected by PV inverters 
due to switching (pulsed-width modulation); they are influenced by the topology [18] and the controller 
[19] of the inverters. Cost pressure has limited progress in this area.
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Figure 4: Probability distribution function of Total Harmonic Distortion (THD) on a distribution 
network without (red) and with (blue) PV [15].
Reverse power flows and transformer loading
Figure 5: Yearly transformer overload situation with respect to 
the increasing PV penetration based on data from the PVNET.dk 
project [12]
The loading of transformer can be affected by the 
PV penetration level as well as the voltage control 
methods, in case inverter supplies reactive power 
compensation for supporting grid voltages. Figure 
5 illustrates a general trend of yearly transformer 
overloading with respect to the increasing PV 
penetration level at the presence of inverter reactive 
power control. The increasing of transformer 
overloading shows nonlinear characteristics with 
respect to the PV penetration. At low penetration 
levels, the transformer loading situation will not be 
affected by the PV, which assigns with the design 
principles of the current grids. With increasing 
penetration levels, there could be a sharp increase 
of the transformer overloading due to the amount 
of active power generation as well as increased 
reactive power generation from inverters.
This problem can also be reflected from grid loss analysis. Studies in [12], [20] show that the grid losses can 
be reduced in general at low penetration levels until a critical penetration level is reached. Afterwards the 
grid losses will increase more rapidly regardless of the control methods used, as shown in Figure 6.
Figure 6: Evolution of grid losses with increasing PV penetration levels [12]
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^ǇƐƚĞŵͲǁŝĚĞƚĞĐŚŶŝĐĂůďĂƌƌŝĞƌƐ
Reduction of system resilience
Intermittency
All photovoltaic systems depend on the ambient solar irradiance for their energy generation. This irradiance 
is highly variable in time and in space. The resulting variability of PV power output is considered a physical 
limitation of the technology. Figure 7 illustrates this issue by showing how the power generation of a single 
PV system can vary over a few days. As shown on Figure 8 however, the rapid fluctuations are naturally 
mitigated when even a low number of generators and consumers are considered. This phenomenon is well 
known for loads, where it is characterised by the coincidence factor and can be used to optimise invest-
ments in power networks. The smoothing effect of aggregation further increases at larger spatial scales [24].
Deployment of PV systems can reduce the resilience 
of power systems in four ways:
  Generators connected through power inverters 
such as PV have lower inertia than conventional, 
rotating generators. This lower inertia reduces 
the available time for the system to respond to 
the sudden loss of large power plants.
  PV systems can displace generators which are 
used for primary frequency control reserves.
  Secondary control reserves are increasingly used 
due to power ramps [21].
  At high penetration levels of distributed PV 
systems, reverse power flows from the distribution 
level to the transmission system can frequently 
occur. These flows lead to an increased demand 
in re-dispatch of conventional power plants and 
revised procedures for congestion management. 
In addition, PV inverters follow frequency and 
may disconnect en masse when grid frequency 
falls outside nominal range. Regulation originally 
assumed PV was marginal in the power system but 
now Europe-wide collapse in case of loss of 30 GW 
to 50 GW of PV generation is possible [22].
Phase III of the Grid Integration of Variable 
Renewables project (GIVARIII) [23] evaluated the 
capacity of power systems to deal with rapid swings 
in supply and balance over time scales from one hour 
to 24 hours. This assessment was carried out using 
the IEA revised Flexibility Assessment Tool (FAST2). 
Technically-feasible shares of variable renewables 
(i.e., solar and wind) given currently installed flexible 
resources were evaluated by calculating how often 
insufficient system flexibility occurred over given 
years and penetration levels. The analysis showed 
that if flexibility is a priority for system operation, 
variable renewables can supply from 25% to 40% 
of annual electricity demand without any shortfall 
in flexibility.
Figure 7: Power output of a single PV power plant in three days of October 2014 [based on records of an SMA inverter 
from a single system on the roof of a domestic consumer in Cyprus]
Figure 8: Aggregated power for seven prosumers showing generation, consumption, import and export over week days (top) 
and weekends (bottom) [25]
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^ŽůƵƟŽŶƐĨŽƌŝŶĐƌĞĂƐŝŶŐƚŚĞWsŚŽƐƟŶŐĐĂƉĂĐŝƚǇŽĨƉŽǁĞƌŐƌŝĚƐ
ŽŶƚƌŽůŽĨĂĐƚŝǀĞƉŽǁĞƌ
The idea of controlling the active power output of 
PV systems to provide technical services to the DSO 
is gaining in importance. Typically, active power 
control – without storage it is actually limited to 
active power reduction – is a common tool for DSOs 
to overcome short-term network congestions by re-
ducing the power output of utility-scale PV systems.
The simplest form of active power control at the PV 
systems point of common coupling is to solely use 
the PV inverter for active power reduction. State-
of-the-art solutions are static caps in feed-in power 
(e.g., the 70% cap as required by the German EEG 
from 2012) or DSOs sending active power feed-in 
limitation set values via a remote control interface. 
As compared to these approaches, volt/watt control 
of active power would be attractive by reducing ac-
tive power only when local grid conditions require 
it (in case of over-voltages) and hence reducing 
the overall active power losses over all PV system 
within a certain grid section [31], [32]. However this 
control will discriminate PV systems with technically 
unfavorable points of common coupling. In such 
a case, approaches for the compensation of lost 
energy need to be developed.
In addition, to support frequency control, droop 
curves can be implemented to automatically reduce 
active power with in case of frequency deviations 
(over-frequency response).
ŽŶƚƌŽůŽĨƌĞĂĐƚŝǀĞƉŽǁĞƌ
Reactive power supply/absorption for voltage sup-
port can significantly reduce grid extension costs.
Initially, reactive power provision via PV inverters 
was established to mitigate high voltage magnitudes 
caused by reverse power flows. Numerous stud-
ies highlighted the technical potential of reactive 
power for increasing the hosting capacity of a grid, 
although the technical effectiveness decreases with 
lower voltage levels [7], [31], [33]–[37].
/ŶƚĞŐƌĂƚŝŽŶĐŽƐƚƐ
Integration costs and appropriate ways to calculate are already well documented for wind power [26]–[29]. 
These costs could be defined as an increase in power system operating costs or as extra investment to the 
existing non Variable Renewable Energy (VRE) infrastructure. PV has the unique ability to produce electricity 
close to where it is consumed alleviating the need for investment in new transmission lines. The PV Parity 
project recently assessed grid costs associated with integrating solar PV into the EU grid (up to 15% genera-
tion in Europe by 2030) and found modest transmission costs [30]. In 2020 the cost is estimated at ca. 0.5 
€/MWh for a PV penetration level of 240 GW, increasing to 2.8 €/MWh by 2030 at a PV penetration level of 
485 GW. Reinforcing distribution networks to accommodate 485 GW of solar PV capacity, providing 15% of 
European electricity demand, would cost about 9 €/MWh by 2030.
Reactive power provision can be classified in static 
reactive power provision and dynamic reactive 
power provision.
^ƚĂƚŝĐƌĞĂĐƚŝǀĞƉŽǁĞƌƉƌŽǀŝƐŝŽŶ͗ In many IEA Task 
14 member countries, static reactive power provi-
sion capability is required by PV systems, however 
its practical utilization is up to the local DSO, e.g. 
[38], [39]. Typical applications for residential scale 
PV systems focus on autonomous ways (i.e., without 
additional information and communication interface 
to the DSO) of providing reactive power to mitigate 
voltage rise, such as the provision of a fixed power 
factor. Utility scale PV systems typically come with a
remote control interface that allows DSO to transmit 
reactive power set values to the PV plant.
sŽůƚĂŐĞĚĞƉĞŶĚĞŶƚƌĞĂĐƚŝǀĞƉŽǁĞƌƉƌŽǀŝƐŝŽŶ (so-
called volt/var control) is considered more advanced 
as it provides reactive power based on the locally 
measured voltage magnitude of the inverter. Vari-
ous research projects are currently investigating the 
technical performance of such a control strategy 
with a focus on local stability issues [40], [41].
ǇŶĂŵŝĐ ƌĞĂĐƚŝǀĞƉŽǁĞƌƉƌŽǀŝƐŝŽŶ͗ PV systems 
and other generating units connected mostly to 
the medium- and high-voltage levels are required in 
some countries to inject reactive current in order to 
stabilize the grid in cases of voltage collapses [38], 
[42]. This technical service is known as fault-ride 
through. Depending on the magnitude and dura-
tion of the voltage dip, the inverter is required to 
stay connected, inject reactive current or discon-
nect based on a characteristic that is part of each 
country’s technical specification. The study in [20] 
coordinates the PV control parameters to improve 
the grid performance hereby improve the grid 
hosting capability.
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^ǇƐƚĞŵͲƐƵƉƉŽƌƚĨƵŶĐƚŝŽŶƐŽĨŝŶǀĞƌƚĞƌƐ
Inverters have additional capabilities to support grid operations:
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Figure 10: Response of adopted voltage regulation 
methods [43]
Figure 11: Fixed Power Factor Scheme set to different 
values [43]
&ŽƌĞĐĂƐƚŝŶŐ
An effective modelling and forecasting of power 
output of PV systems relies on two aspects: model-
ling the performance of PV systems as a function on 
operating conditions, and predicting the weather 
parameters which affect the output of PV systems 
i.e., temperature and irradiance.
PV system modelling
Production of a PV system can be modelled in two 
ways: with a physical model or with a data-driven, 
“black-box” model. A physical model consists in a 
set of equations describing the physical behaviour of 
the photovoltaic module. The data-driven approach 
“only” tries to reproduce the relationship between 
observed inputs (e.g., meteorological conditions) 
and outputs (e.g., power output). The former ap-
proach can be more accurate but in addition to 
meteorological variables (incoming solar radiation, 
air temperature, wind speed, etc.) it needs solar 
panel characteristics (technology, area, orientation, 
etc.) and their evolution during time (e.g., due to 
degradation). Conversely, the black-box approach 
does not require information about the type of PV 
panel but it needs long time-series of input and 
output variables to calibrate a reliable model. A 
trade-off can result in intermediate approaches 
(“grey-box” modelling).
Weather forecasting
The behaviour of a PV system is mainly influenced 
by weather conditions: incoming solar radiation, 
ambient temperature and wind speed on PV modules. 
The techniques to forecast these meteorological 
variables can be divided in three mains groups.
EƵŵĞƌŝĐĂůtĞĂƚŚĞƌWƌĞĚŝĐƚŝŽŶŵŽĚĞůƐ
The Numerical Weather Prediction (NWP) models 
are essentially based on the numerical integration 
of coupled differential equations that describe the 
dynamic of the atmosphere and radiation trans-
port mechanisms. The main advantage of these 
forecasting methods is that they are based on 
deterministic physical models. On the other hand, 
the main problem, in addition to the non- linearity 
of the used equations, is the spatial resolution of 
the integration grid that is normally too coarse with 
respect to the PV plants size. Inside the grid cell the 
cloud cover and aerosol are homogeneously fixed 
at their average values thus great errors could be 
induced both in the amount and in the time of the 
forecasted irradiance on the PV site. Perez et al. 
[44] presented an extensive validation of short and 
medium term solar radiation forecast for various 
sites in the US.
^ƚĂƚŝƐƚŝĐĂůŵŽĚĞůƐ
The statistical models are based on methods to 
reconstruct the relations between the variables and 
past meteorological parameters (e.g. cloud ratio, 
air temperature, relative humidity, pressure etc.) 
or past observations. The most used models are 
based on machine learning methods (e.g. neural 
networks, support vector machines) or time-series 
based methods (e.g. ARIMA/X, SARIMA/X models). 
With this method the forecast could be achieved 
by fast simple algorithms that use only local me-
teorological measurements and statistical feature 
parameters. Furthermore, in this way spatial and 
temporal resolution problems are overcome. On the 
other hand these methods are not able to provide 
a good forecast in unstable weather conditions.
The effectiveness of the capabilities mandated by the standards EN 50438 and VDE-AR-N 4105 has been 
experimentally confirmed. Voltage can be controlled within the requirements of grid rules (Figure 10 and 
Figure 11) with local generation equivalent to load, quality of supply can be controlled with harmonic con-
tent below the limits set by grid codes, and frequency control can be fully supported through the control 
of active power output.
  Controlling power factor (PF control mode)
  Low-voltage ride-through: Figure 9 shows system response after a fault during which the DG stays in 
through the active control of advanced inverters that are capable of sustaining fault ride through in line 
with the EN 50438 and VDE-AR-N 4105 standards.
  Supplying reactive current during fault period.
  Controlling PV generation to a specified percentage of nominal power rating (remote dispatch).
  Automatically reducing active power with over-frequency.
Figure 9: System response after a 
fault with support from distributed 
generators [real records from a 
system in Cyprus]ϰϴ͘ϴ
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,ǇďƌŝĚŵŽĚĞůƐ
The hybrid models combine both NWP and statistical 
models. The first one is used for the forecast while 
the second to correct the site effects through local 
measurements. The statistical models are essentially 
used to downscale the weather forecast.
Obviously, for an effective and robust modelling 
approach, the uncertainty of meteorological data 
must be limited. To this end, it is important to as-
sess the reliability of the meteorological datasets 
and forecast available on the specific geographical 
domain. Data sources can be satellite data, observa-
tions provided by ground stations, data produced 
by NWP models and reanalyses. 
The approach to forecast PV production is depen-
dent also on considered the time scale. Forecast at 
hourly and daily timescales has been demonstrated 
to be effective considering both white and black-
box approaches. Forecast approaches with longer 
timescales (monthly to annual) can be based on 
seasonal climate forecasts. At decennial timescales, 
climate scenarios start to play a relevant role and 
an analysis of expected climate must be integrated.
Accuracy and impact on storage
Despite efforts to improve forecast techniques, they 
still incur high error rates. A way to overcome this 
issue is to combine forecast with the use of local 
storage in order to rectify deviations between fore-
cast and produced electricity (time mitigation) or 
to combine a large amount of PV generators distant 
from each other so individual errors are independent 
and the overall forecast error is reduced (spatial 
mitigation). The accuracy of forecasting has an 
impact on the sizing of the local storage needed to 
address rapid variability. The combination of fore-
casting, storage and distant PV installations leads 
to smoother curves, small values of variability in 
short timeframes and more accurate prediction of 
PV power generation. 
ŽŵďŝŶĂƚŝŽŶǁŝƚŚŽƚŚĞƌƌĞŶĞǁĂďůĞ
ƐŽƵƌĐĞƐ
Since the dependence of other renewable sources 
such as wind on time and location is different from 
that of PV, combining them helps mitigating the 
impact of variability. A remarkable example is the 
Greek island of Crete [45]. With an annual peak load 
of 640 MW, Crete is served by an isolated electric 
system with an average annual renewable electric-
ity share of 23% (2013) and a maximum renewable 
capacity share of 44% (consisting of 186 MW wind 
power and 95 MW of PV power) compared to peak 
demand in 2012. 
At present, during normal operation, PV plants 
provide power output without any restrictions, 
while wind parks contribute under constraint of 
the maximum allowable instantaneous renewable 
share, which is about 40%. If this value is reached, 
the power output of the wind parks is appropriately 
reduced. The energy control center of Crete con-
tinuously monitors the wind parks and a set-point 
for maximum power output is given up to every 5 
minutes, if needed. However, in some periods, the 
operators may decide to operate the system with 
higher instantaneous capacity share (up to 60%, 
see Figure 12). The energy control center also 
monitors selected PV plants at various locations 
in order to assess the total PV production with a 
good accuracy. This helps the daily scheduling of 
conventional capacity. Distributed PV plants also 
support the grid voltage stability during daily hours.
ŶĞƌŐǇƐƚŽƌĂŐĞ
The coupling of energy storage with power genera-
tion from inherently intermittent sources, such as 
photovoltaic, is a key element of smart grids. A 
smart grid can be considered as an interconnection 
network between generation nodes, consumption 
nodes and a Point of Interconnection (POI), control 
node for smart grid regulation through the manage-
ment of state variables. In order to maximize the 
grid performances, another control node can be 
considered in correspondence of Energy Storage 
System - ESS (Figure 13). In function of the specific 
requirements, voltage and frequency control rather 
than real and reactive power exchange could be 
considered as control parameters. Simultaneous 
management of PV and ESS allows smoothing the 
intermittency of PV generation and also to firm PV 
power generation (e.g. peak load reduction, market 
based dispatch). 
Figure 12: Generation mix for Crete’s power system on 5/3/2013 and Renewables penetration (violet line) [45]
Figure 13: Smart grid architecture (based on [46]
For a proper operation of integrated system, all state 
parameters must be simultaneously monitored and 
regulated; therefore the appropriate communication 
between nodes must be assured at any given time. 
This condition can be satisfied only if all devices in 
the architecture (nodes) are capable to interoperate 
and they are also correctly synchronized. 
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Figure 14: Comparison among different electrochemical storage systems for the key grid applications [47], [48]
Even if electrochemical energy storage in batteries is an inherently mature technology, and widely used for 
more than a century, improvements are required for the integration with photovoltaics in electricity grids. 
Status of development of major electrochemical storage systems for this type of applications is reported 
in following Figure 15.
Figure 15: Development status of major electrochemical storage systems [47]
While batteries are most suitable for energy storage on an hourly and daily basis other energy storage 
solutions are more favorable for weekly or seasonal variations. Some examples of such storage solutions 
either in use or under development are hydro energy storage, compressed air storage or chemical storage 
(power to gas) [47].
Hydro energy storage can be based on either reservoir or pumped hydro storage. In pumped hydro storage 
turbines pump water into an upper reservoir for storage when excess electricity is available. When demand 
increases beyond production levels, water can be released through turbines for electricity production. Hydro 
storage is flexible and has a short response time, which makes it favorable in combination with intermittent 
energy sources. In compressed air storage electrical energy is stored by converting the electrical energy 
into potential energy of pressurized air and stored in this form in underground caverns or other pressure 
vessel. Chemical energy storage technology has been under rapid development in recent years. By using 
excess electricity for production of hydrogen (electrolysis) one achieves a flexible system where the pro-
duced hydrogen can be used for production of electricity into the grid or as fuel for the transport sector.
Combined PV + storage generating units
At the building level, local storage can be used to store PV electricity produced in excess of the current de-
mand. If correctly sized, it enables controlling the level of active power injected into the grid while making 
use of all the potential PV production [49]. Both electrochemical storage and PV operate in Direct Current 
(DC) and an increasing share of the load in buildings (e.g., LED lighting, consumer electronics, computers) 
natively run on DC. As a result DC interconnection within buildings is getting traction [50]–[52].
The combination of smart storage systems and large photovoltaic systems can provide many functions at 
different levels of the electrical system, such as:
  Generation level: arbitrage, capacity firming, curtailment reduction.
  Customer level: peak shaving, time of use cost management, off-grid supply.
  Distribution level: voltage control, capacity support, curtailment reduction.
  Transmission level: frequency and voltage control, investment deferral, curtailment reduction, black 
starting; e.g.:
  Regulation to respond to random, unpredictable variations in demand; unit must be able to respond 
in timescale seconds to minutes. In this case PV+storage is a source of generation but also it can be 
considered a reduction in load with conventional generators with positive impacts on daily cycling, 
and frequency regulation.
  Contingency spinning reserve to respond to a contingency such as a generator failure; unit must begin 
responding immediately and be fully responsive within 10 minutes.
  Replacement in case of the failure of a spinning unit into the network with a typical response time 
of 30-60 minutes.
Overview of storage technologies
Electrochemical batteries use chemical reactions, in two or more electrochemical cells, to create electric 
current by an oxidation-reduction process between the cell electrolyte and electrodes. Electrodes (anode 
and cathode) and electrolyte material, in mutual contact, constitute, along with the container, the primary 
element of a cell. Currently, the most used electrochemical energy storage devices, each based on a differ-
ent specific chemical system, are: lead-based, lithium-based, nickel-based and sodium-based batteries. A 
schematic “qualitative” comparison among storage technologies is presented in Figure 14 which shows a 
good suitability for use with renewable sources of all electrochemical storage systems except supercapacitors.
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Figure 16: Technical services which can theoretically be offered by state-of-the-art PV and PV-battery systems [50]
Depending on integration level in electrical system, different rules and issues must be considered. For ex-
ample, “large size PV + storage” integration into the grid is possible only by changing current operational 
methods with monitoring actions and remote control on wider scale unlike “small size PV + storage” that 
requires local-area supervision. Therefore the following aspects should be considered to apply combined 
storage+large-size-PV in electric grids:
  sizing of storage in function of PV plant and specific required functionalities (e.g. regulation within % band)
  design and testing of enabling technologies (e.g. smart devices for monitoring, control, communication 
of “storage + large-size-PV systems” with central grid control)
  modelling of new grid architectures to manage bidirectional flows (energy and information) - Figure 17
  cost-benefit analysis (e.g. fast-responding systems will add extra costs to the system)
  assessment of different e-market models
  definition of local/regional-specific guidelines for a regulatory framework in line with new business models
Figure 17: Conceptual scheme “storage + large-size-PV systems” [ENEA]
DŝĐƌŽͲŐƌŝĚƐ
A lot of research focuses on micro-grids [54] that aim 
to facilitate the integration of variable renewables 
and distributed generation units into the grids. 
Micro-grids consist of a combination of generation 
sources, loads and storage units that are connected 
to the distribution network through a single coupling 
point, and work – from the network perspective - as 
a single unit. A major characteristic of micro-grids 
is that they can operate either in parallel with the 
grid and in “island” mode (i.e. isolated from the 
grid) whenever this is required. Micro-grids can 
operate either in Alternating Current (AC) like the 
wider grids, or in Direct Current (DC). When the 
main network is not available, a local control system 
enables independent operation of the micro-grid. 
The required flexibility in energy management and 
control is ensured by the local control response of 
the distributed RES and storage grid-connected 
inverters, combined with that of controllable loads. 
The operation of a micro-grid as a single unit aims 
to avoid the negative impacts of distributed genera-
tion units on a centralized grid and turn them into 
positive impacts such as improved energy efficiency 
and local reliability, reduction of energy losses and 
need for grid expansion. Key challenges for the 
success of micro-grids are the development of ap-
propriate control algorithms as well as protection 
and communication issues.
Small islands provide valuable fields for testing new 
technologies and operation modes for the integra-
tion of renewable in power grids. Islands have small, 
isolated power grids with often high share of renew-
able power. In principle, the electricity demand of 
a small island with a peak-load of a few hundreds 
kW could be fully met by renewables such as wind 
and PV power, with energy storage units to balance 
supply and demand. A proper design of the power 
system requires extensive simulation, and depends 
on load profile, wind and solar resources and the 
level of renewables penetration.
 
However, the achievement of a 100% renewable 
electricity penetration is usually difficult and costly 
as it involves oversized renewable power capacity 
and storage capacity. More affordable is to manage 
high shares of renewable electricity sources with 
appropriated energy storage and the use of back-
up conventional power (e.g. diesel generators). 
The implementation of such systems requires bi-
directional inverters as the interface between the 
energy storage units and the grid. Inverters are key 
components of the grid to ensure stable operation 
and provide dynamic balance of active and reactive 
power. The operation of such grids may also require 
renewable units to stop the production (if needed) 
on central operator’s request, along with a proper 
management of non-critical loads.
However, the number of these small-scale field 
applications with high share of renewables is cur-
rently low, and there are no standard solutions, 
technologies, and operating modes.
ŶĂďůŝŶŐĨĂĐƚŽƌƐ
Regulation
Successful integration of PV system into power grids 
will require a wide spectrum of regulatory measures.
From a technical standpoint, closer collaboration 
between PV producers and DSOs will be required 
to enable the participative definition of technical 
standards for integration.
From a market regulation point of view, tariff struc-
tures and metering schemes should be revised to 
meet the needs of an increasingly decentralised 
generation fleet while ensuring full implementa-
tion of the EU target model. Also, the flexibility 
of the current market design should be enhanced 
by reducing the duration of trading intervals and 
bringing gate closures closer to real time in order 
to allow PV systems to operate in full integration 
with power systems.
Figure 16: Technical services which can theoretically be offered by state-of-the-art PV and PV-battery systems [53]
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This evolution is complex. As institutional failure 
is common even much simpler contexts the risk of 
inappropriate regulatory evolution is real. It may be 
tempting for example to implement curtailment as 
an easier policy alternative to integration-enabling 
measures such as grid innovation, Demand-Side 
Management (DSM) and investment in adequate 
network infrastructure. Risk mitigation effort will 
therefore be required throughout the levels of policy 
making to ensure that a consistent and effective 
policy approach emerges.
From an early stage of technology development 
onwards, a risk mitigating approach will require a 
continuous adaptation of network codes and laws in 
regards to high national PV penetration scenarios. 
Neglecting the process of early adaptation will most 
likely result in high integration costs as retrofitting 
of existing PV systems will become necessary. In-
deed, an initial grace period should be allowed to 
be better able to test actual potential and develop 
specific provisions for the system at regime, includ-
ing adjusting existing regulation for other market 
components affected by the penetration of the hybrid 
technology. For instance, the increasing deployment 
of hybrid (PV+storage) technology might affect the 
competitiveness of existing PV-only systems with 
potentially negative impacts on their financial vi-
ability. Access to auxiliary service markets for PV 
producers – directly or through aggregators – could 
in this case help ensuring generators maximise the 
value of their production, which in turn occurs 
where appropriate pricing policies (real time pric-
ing, pricing by service) are in place.
Net metering
In its simplest form, net metering consists in count-
ing positively in the electricity bill the power drawn 
from the grid and negatively the power injected from 
the building, while keeping the same fee structure. 
This approach has been attacked by utilities, in 
particular in the USA, for not providing adequate 
funding for the networks [55]. 
A more advanced net metering scheme has been 
implemented in Cyprus for residential systems up 
to 3 kWp. Its basic principle is that the electricity 
bill of a household is calculated every two months 
and is based on the net consumption – which is 
the difference between the energy consumed and 
energy produced of the household. 
If the energy consumed is more than the energy 
produced for a specific bimonthly period, the net 
consumption will be positive and the customer has 
to pay the difference to the utility at retail price. 
On the other hand, if the energy produced is more 
than the energy consumed during the billing cycle, 
the net consumption will be negative thus the 
customer earns Renewable Energy Credits (RECs) 
which are credited on the customer’s account to 
be used against any future positive net consump-
tions. In the meantime, the customer is obliged 
to pay the fixed capital cost to the utility for each 
bimonthly period. If any collected RECs remain at 
the end of each calendar year, these are passed 
over to the utility.
According to the regulator’s decision 909/2013, 
prosumers i.e., customers with on-site generation 
capacity, must pay to the utility an annual fee of 
€37.03 per installed kWp (detailed analysis is shown 
in Table 1). Additionally, €2.19 per installed kWp is 
charged annually for the Public Support Fund and 
a fixed fee for RES support amounting €8.05 per 
installed kWp. By summing up all the aforementioned 
charges the total annual charge per installed kWp 
(without VAT) is €47.27. 
The current net metering scheme is under inves-
tigation [56] by the Regulator with the intention 
of evaluating actual costs incurred by prosumers 
in order to identify realistic capacity charges and 
avoid cross subsidization. 
Communication standards
Interoperability is the capability of making systems 
work together. Therefore, apparatus and devices 
are able to interoperate if they can exchange in-
formation with other systems or services also from 
different manufacturers.
This characteristic is one of the basic requirements 
for open architectures in which systems and/or 
technologies, including management software, are 
capable to interact to share and use information. 
To date, PV and storage systems are not oriented 
towards information exchange since their manage-
ment/control mechanisms (i.e. battery management 
systems) are generally not based on common com-
munication protocols. So, to implement operative 
architectural solutions that include PV and storage 
systems, some interoperability obstacles must be 
overcome:
  standards are not mature in all areas and, also 
in presence of mature standards, vendors may 
not have implemented them yet;
  “unique” reference standard is not present so 
even when vendor’s equipment is compliant 
with a standard, it may not be interoperable 
with another vendor’s equipment based on an 
another standard protocol;
  interoperability problems can occur either when 
vendor equipment functionality are compliant 
with the most current standards or in absence 
of compliance [57].
ĞƐĐƌŝƉƚŝŽŶ ĞďŝƚΦͬŬtƉ
ƌĞĚŝƚ
ΦͬŬtƉ
Operating expenses of Transmission System Operator (TSO-Cyprus) 1.48
Ancillary Services 3.50
Support of system for continuous supply of demand 13.82
Charge for tertiary reserve 1.53
Transmission Use of System Charge 3.98
Distribution Use of System Charge – Medium Voltage 12.31
Distribution Use of System Charge – Low Voltage 20.41
Reduction due to less grid losses 20.00
dŽƚĂůĂŵŽƵŶƚĨŽƌZ͛ƐĚĞĐŝƐŝŽŶϵϬϵͬϮϬϭϯ 37.03
Public Support Fund 2.19
RES fund 8.05
dŽƚĂůĂŵŽƵŶƚƉĞƌǇĞĂƌ 47.27
Table 1: Detailed analysis for net metering capacity charges per installed kWp
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In 2004, for example, the DOE (US Department of 
Energy) has established, the GWAC (GridWise Archi-
tecture Council). In 2009, NIST (National Institute of 
Standards and Technology) has released a preliminary 
set of 16 standards related to interoperability and 
later has founded a specific working group, SGIP 
(Smart Grid Interoperability Panel), with the main 
aim to encourage standard protocols adoption for 
devices design with particular reference to Smart 
Grid applications. Other SGIP main tasks are: 
  identification of specific requirements for devices 
tests and their certification
  results dissemination
  creation of the “Catalog of Standards”, collection 
of standards for smart grid applications
ĚǀĂŶĐĞĚDĞƚĞƌŝŶŐ/ŶĨƌĂƐƚƌƵĐƚƵƌĞ;D/Ϳ 
AMI is an infrastructure connecting metering devices 
in order to measure, collect, and analyze energy 
data with a fixed time step. In detail, AMI includes 
hardware and software resources (i.e. connection 
technologies to TCP/IP data network, generation/
consumer unit controllers and displays, Meter Data 
Management software).
ƉƉůŝĐĂƚŝŽŶWƌŽŐƌĂŵŵŝŶŐ/ŶƚĞƌĨĂĐĞ;W/Ϳ
API, acronym for “Application Programming Interface”, 
are programs that allow to integrate non-compatible 
systems/devices by transforming and translating 
data from individual systems into a form suitable 
for feeding other systems. 
API design consists, essentially, into the definition 
of a set of routines for building software interface 
applications between different devices. To this end, 
API are able to guarantee required interoperability 
only if based on open standards protocols, possibly 
free. In fact, only the adoption of open standards 
may push their adoption by the side of manufac-
turers also improving technological progress of 
all sectors, thanks to a wider use of programming 
languages for communication and data exchange.
/ŶǀĞƌƚĞƌƐ
Inverter manufacturers are interested in communi-
cation features to their devices to better fit in the 
current smart grid initiatives. On the other hand, 
communication is going to be part of the grid con-
nection requirements in Europe [42]. Manufactur-
ers often have their own communication protocols 
and data formats, standardisation is important to 
have a common information model to ensure the 
interoperability and plug-and-play of PV plants. 
Current initiatives include IEC 61850-5 [58], IEEE 
1547 [59], SunSpec [60].
Planning rules
Planning procedures for distribution grids can be 
improved using measured high-resolution load and 
PV profiles instead of synthetic profiles. Voltage 
variations should be estimated under different 
scenarios for planning the connection of PV systems 
on a three- or single-phase system [61]:
  Worst case: all PV systems on one phase, e.g. L1.
  Best case: ideal distribution over phases.
  Residual unbalance: distribution over phases as 
good as practically possible at each node; volt-
age variations are then calculated based on the 
remaining unbalance at each node.
Electric grids are planned to meet the changes 
from generation and demand based on prediction 
of operational scenarios in the future. In order to 
determine a cost-effective solution for reinforce-
ment, operational scenarios with more PV plants 
need to take into account the control capabilities 
from PV and other emerging technologies. Such 
capabilities are in particular the provision of reac-
tive power capabilities.
ZĞĚƵĐĞĚŝŶǀĞƐƚŵĞŶƚƐŝŶĞǆŝƐƚŝŶŐŐƌŝĚƐ
Increased electrification of the energy system and ageing infrastructures require major grid upgrades in 
developed countries. PV systems can reduced the need for investment in power networks thanks to three 
characteristics:
  They are distributed and can produce electricity close to the point of use.
  In many locations, production occurs at times of high demand. As a result PV systems, when adequately 
installed, can improve power quality (in particular voltage levels) at no cost to the DSOs [47] in stressed 
areas.
  They are connected through active power converters (the inverters) which can support the local network 
even when the PV systems are not producing; an example is the compensation of reactive power through 
the so-called Q@night capability [63].
Currently, grid operators, both at transmission and distribution levels, have seen opportunities for utilising 
PV systems to solve different kinds of grid issues. Projects have been launched to develop solutions through 
technical and/or market measures [64].
WsĂƐďƵŝůĚŝŶŐďůŽĐŬŽĨĨƵƚƵƌĞƉŽǁĞƌƐǇƐƚĞŵƐ
ůĞĐƚƌŝĨŝĐĂƚŝŽŶƚŚƌŽƵŐŚŚǇďƌŝĚƐǇƐƚĞŵƐ
Diesel generators are common in islands, in remote villages, where due to strong population growth electricity 
consumption is increasing and in remote industrial activities (for example mines). At the same time usually 
these remote locations have a significant solar potential. Over the past five years the cost of photovoltaic 
systems have been reduced dramatically and in the above cases the production of solar PV electricity cost 
is lower that diesel generation and depending on the installation location it could be in the range of 6 to 10 
Euro cents per kWh over a system lifetime of 20 years. The cost per kilowatt hour of generated electricity 
with diesel engines essentially depends on the operating costs (diesel fuel, fuel transportation cost and 
maintenance) and in smaller measure on the costs of investment. The fuel costs between 20 and 30 Euro 
cents per kilowatt hour of electricity. Since the operating costs of photovoltaic systems are relatively low, 
the total costs of the hybrid system can thus be reduced. The focus when designing PV-diesel hybrid sys-
tems is to reduce the use of diesel fuel by contributing to the demand and even reducing the time period 
of operation of the diesel generators. At the same time, the stability and quality of the electricity supply 
must be guaranteed. 
The PV-diesel hybrid system market could potentially become quite large. Although there has been a lot 
of fluctuations in the global sales of diesel generators in the past three years, it was nonetheless at a high 
level, rising from 38 GW in 2010 to nearly 48 GW in 2011, only to decline to 40 GW in 2012 and still remains 
at 40 GW in 2013 [65]. More than 50% of this quantity is usually accounted for by off-grid industrial plants 
or grids with frequent supply failures.
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Figure 18: Market segmentation for PV-diesel hybrid systems [66]
The document [66] builds on past work undertaken by IEA PVPS Task 9 experts and training sessions and 
field surveys undertaken in the framework of the CLUB-ER activities. The state of the art of PV-diesel hybrid 
systems for rural electrification is presented and the main issues to address such as, the design, technical 
and implementation perspectives are highlighted. Guidance is provided to enable sound decision making 
when considering solar PV hybrid systems to address rural electrification needs. In Figure 18 the market 
segmentation for PV-diesel hybrid systems for rural electrification in developing countries is presented (type 
of system with upfront investment cost).
Although progress has been made in enabling PV integration over the past few years there is still a lot of 
room for improvement and solutions are reachable. Constructive co-operation between utilities, govern-
ments, regulators, and the PV industry is needed. An encouraging sign is the good alignment between 
the views of the Smart Grid Technology Platform, where DSOs play an important role, and those of the PV 
Technology Platform. 
Grids can sustain unrestricted penetration of distributed generation provided that quality of supply is ad-
dressed at connection point through the capabilities of modern power electronics and distributed control. 
Ancillary services can fully complement faultless commitment of distributed, renewable energy sources in 
line with market requirements.
While the qualitative impact of PV on electric grids and of various technical approaches are clear, solid 
quantification is missing. More research is urgently needed to quantify both the achievable levels of PV 
penetration and the increase potential that existing concepts enable. Too often the integration of PV into 
power systems is seen as a threat to stability or affordability. We would like to highlight the opportunities 
that this integration represents. Indeed, PV systems can provide ancillary services and reduce the need for 
grid reinforcement in the face of increasing demand. At the centre of this potential lie advanced inverters 
and hybrid systems which combine PV with stationary storage or other power sources.
ŽŶĐůƵƐŝŽŶ
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